11 The thermal performance of solar collector fields depends mainly on the mean solar collector fluid temperature of the 12 collector field and on the solar radiation. For Danish solar collector fields for district heating the measured yearly 13 thermal performances per collector area varied in the period 2012-2016 between 313 kWh/m² and 577 kWh/m², with 14 averages between 411 kWh/m² and 463 kWh/m². The percentage difference between the highest and lowest measured 15 yearly thermal performance is about 84%. Calculated yearly thermal performances of typically designed large solar 16 collector fields at six different locations in Denmark with measured weather data for the years 2002-2010 vary between 17 405 kWh/m² collector and 566 kWh/m² collector, if a mean solar collector fluid temperature of 60°C is assumed. This 18 corresponds to a percentage difference between the highest and lowest calculated yearly thermal performance of about 19 40%. This variation is caused by different weather conditions from year to year and from location to location. 20
The number of solar heating plants in Denmark for district heating has increased strongly in the last couples of years 36 (Windeleff and Nielsen, 2014) and (Bava, Dragsted and Furbo, 2017) . Denmark is today frontrunner worldwide on 37 large solar heating plants connected to district heating systems (Weiss, Spörk-Dür and Mauthner, 2017) . In 2016 about 38 500,000 m² solar collectors were installed in large scale solar heating plants. By the end of 2016, 110 solar heating 39 plants with a total collector area of more than 1,300,000 m² were in operation. The solar collector fields are based on a 40 high number of parallel connected rows of serial connected collectors mounted on the ground. In most of the solar 41
heating The solar collector fluids in the solar collector loops are propylene glycol/water mixtures. Flat plate heat exchangers 45 are used to transfer the heat produced by the solar collectors from the solar collector fluid to water in the secondary 46 loop. In order to achieve a good cost efficiency of the solar heating plants it is important that the thermal performances 47 of the plants are as high as expected. The heat production of all the solar collector fields is measured. 48 This paper summarizes measured yearly thermal performances of Danish solar heating plants for the period 2012-2016 49 as well as theoretically calculated yearly thermal performances of a typical solar heating plant based on measured 50
weather data for different locations in Denmark. The locations of the plants are in the paper indicated by region 51 numbers according to figure 2, which shows six different regions for Demark as suggested by ( There are many reasons for the differences in thermal performances between the different solar heating plants. First of 88 all, different weather conditions from location to location and from year to year will influence the yearly thermal 89 performance. (Adsten, Perers and Wäckelgård, 2001) and (Andersen and Furbo, 2009) have for Swedish and Danish 90 locations shown that both the yearly thermal performance of solar collectors and the yearly utilization of solar radiation 91 of solar collectors will increase for increasing yearly solar radiation. This also appear from figure 3, which for all plants 92
in the different regions for all years shows the yearly thermal performances as functions of the yearly solar radiation on 93 the solar collectors. Further, there are different temperature levels in the different district heating systems. This will 94 result in different temperature levels in the solar collector fields and therefore in different thermal performances. The 95 lower the temperature level is, the higher the thermal performance. 96
Furthermore, the different solar collector types, the different designs of the solar collector fields, the different control 97 strategies including the different flow rates and maybe the different uneven flow distributions in the solar collector 98 fields will influence the thermal performance. For instance, (Bava and Furbo, 2016) showed that the flow rate will 99
influence Additionally, the different heat losses from the pipes in the solar collector loops, the different collector tilts, the 107 different shading conditions, the different moisture conditions inside the solar collectors, the different snow conditions, 108 and the different dirt conditions on the glass covers of the solar collectors may influence the thermal performance. 109
Finally, some plants have long term heat storages charged at high temperatures during summer resulting in a relatively 110 lower thermal performance per m² collector. 111 112
3. CALCULATED YEARLY THERMAL PERFORMANCES OF SOLAR COLLECTOR FIELDS 113
Yearly thermal performances of a solar collector field have been calculated for the six different Danish locations 114
shown in figure 2. The calculations have been done with a typical marketed solar collector from Arcon-Sunmark A/S, 115
HTHEATstore 35/10 with the efficiency and incidence angle modifier based on the aperture area given by (Månsson 116 and Aronsson, 2016):
The collector has a polymer foil between the absorber and the cover glass. 123
Calculations are carried out for each location and each year with measured weather data from the period 2002-2010. 124
An hourly value for the global radiation on horizontal is measured for every hour of the years. The method described by 125 (Dragsted and Furbo, 2012 ) is used to calculate the hourly diffuse and direct radiation on horizontal Gb. The hourly 126 direct radiation on the collector plane is determined by Rb·Gb. The direct radiation on the collectors is decreased by 127
shadows from the collector row in front of the collector row in question. The reduction of direct radiation is 128
proportional to the shaded area in relation to the total collector area of the row. 129
The diffuse radiation on horizontal is converted to tilted diffuse radiation using a classical isotropic model, and both 130 diffuse radiation from the sky and from the ground are taken into account. Inside the collector field the diffuse radiation 131
is reduced due to the shading from the collector row in front using view angles from the collector to the sky and to the 132 ground from the middle height of the collector row. Solar angles in the middle of the hour in question are used in the 133 calculations. The diffuse and direct radiation determined as described above as well as the incidence angle for direct 134 radiation are used together with the collector efficiency to determine the hourly thermal performance of the solar 135 collector field. It is estimated that the method will give reasonably accurate results. 136
A solar collector field with 20 collector rows with 35° tilted collectors facing south is assumed. The row distance is 137 5.5 m and shadows from one row to the next are considered. as the ratio between the thermal performance of the solar collector field for the year in question and the thermal 144 performance of the solar collector field for the reference year for the region. 145
Quantities similar to the quantities shown for region 1 are shown for region 2, 3, 4, 5 and The measured yearly global radiations on horizontal are in the interval 980 kWh/m² -1150 kWh/m². The highest yearly 210 global radiation is 17% higher than the lowest yearly global radiation. The highest yearly global radiation is measured 211 in region 6, Bornholm for 2005. The lowest yearly global radiation is measured in region 3, the inner parts of Jutland 212 for 2004. 213
Based on the hourly global radiation measurements, the hourly solar radiations on the collectors are calculated. 214
Shadows from the row placed in front of the collectors are considered. The calculated yearly solar radiations on the 215 collectors are in the interval 1077 kWh/m² -1337 kWh/m². The highest yearly solar radiation on the collectors is 24% 216 higher than the lowest yearly solar radiation on the collectors. Again, the highest yearly solar radiation on the collectors 217 is for region 6, Bornholm for 2005 and the lowest yearly solar radiation on the collectors is for region 3, the inner parts 218
of Jutland for 2004. 219
The yearly thermal performance is strongly influenced by the mean solar collector fluid temperature. For decreasing 220 temperature, the yearly thermal performance is increasing and the percentage differences between the yearly thermal 221
performances from year to year are decreasing. 222
It is seen that the yearly thermal performances of the solar collectors typically are highest in region 6, Bornholm 223 followed by regions 1 and 4, the northern part of Jutland and Funen & the western part of Zealand, region 5, the eastern 224 part of Zealand, region 2, parts of Jutland close to the coastline and last region 3, the inner parts of Jutland. 225
The highest and lowest yearly thermal performances for the solar collector field with a mean solar collector fluid 226 temperature of 60°C are listed in performance is 40% higher than the lowest yearly thermal performance. 243 244
The percentage differences between the highest and lowest yearly thermal performance of the collectors are lowest in 245 region 3, the inner parts of Jutland, followed by region 6, Bornholm, region 2, parts of Jutland close to the coastline, 246
region 5, the eastern part of Zealand, region 1, the northern part of Jutland, and last region 4, Funen & the western part 247 of Zealand. 248 249
4. CONCLUSIONS 250 251
The thermal performance of solar collector fields per collector area depends mainly on the mean solar collector fluid 252 temperature of the collector field and on the solar radiation. Measured yearly thermal performances per collector area of 253
Danish large solar collector fields varied in the period 2012-2016 between 313 kWh/m² and 577 kWh/m² with averages 254 for all plants of 411 kWh/m², 450 kWh/m², 463 kWh/m², 439 kWh/m² and 435 kWh/m² for 2012, 2013, 2014, 2015 and 255 2016, respectively. 256 257
The percentage difference between the highest and lowest measured yearly thermal performance is about 84%. 258 259
Calculated yearly thermal performances per collector area of typically designed large solar collector fields at six 260 different locations in Denmark with measured weather data for the years 2002-2010 vary between 405 kWh/m² and 566 261 kWh/m², if a mean solar collector fluid temperature of 60°C is assumed. This corresponds to a percentage difference 262 between the highest and lowest calculated yearly thermal performance of about 40%. This variation is caused by 263 different weather conditions from year to year and from location to location. Half of the variations of yearly thermal 264 performances of the plants can be related to variable weather conditions. 265 266 5. Acknowledgements 267
